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Abstract

The objective of this study was to develop an instromentation system to measure the surfave temperature of hot dogs during VSV
processes. Results indicated that the pressure in the treatment chamber responded immediately and-accurately to the events of VSV,
The surface temperature history, however, followed an exponential trend sfier saturated steam was flushed into the wreatment cha-
ber. A mathematical model was developed to simulate the surface temporature history during steam pastewrization processes.
According to the model, a S-log reduction in L. jaocua inoculated onto the surface of hot dogs could be achieved wsing 110°C
steam for 0.1 s, provided that the surface was perfectly smooth and bacteria were all distributed on the surface. However, bacteria
still survived the VSV treatment even when higher temperatures were used. The incomplete destruction of bacteria on hot dog sur
faces using current VSV processes may be due to the fact that the pores are filied with water and heat must penetrate into a certain
depth under the surface of hot dogs in order 1o eliminate L. monacytogenes. This study suggested using a single long stéam treatment

cyele, instead of muktiple short VSV cycles, for a complete destruction of bacteria hidden beneath the surface of ready-to-sat solid

foods,

Keywords: Burface pastenrization; Hot dogs; Modeling

1. Introduction

Vacuum-steam-vacuum {VSVY is a surface pasteuri-
zation technology recently developed by Morgan
(1994) and Geldberg, Radewonuk, Kozempel, and Mor-
gan (2001). This technology was developed 1o rapidiy
treat the surfaces of solid foods using ultra-high temper-
ature saturated steam without causing thermal damage.

* Mention of trade names of comngrcial products in this article is
‘solely for the purpose of providing specific information and does not
imply recommendation or endorsement by the US Department of
Agriculiure.

“ Tel: #2158 233 6552; fax: +215 233 6539, _

Eeail address; lhuang@erro.ars,usda.gov (L, Huang).

The fundamental principle behind the development of
the VSV technology is that the thermal energy required
to cause damage to food surfaces; such as protein dena-
turation, is much higher than that needed to kilf bacte-
ria. This technology was originally developed to ireat
highly heat-sensitive solid foods, such as raw meats of
chicken. It is considered as a gentle pastenrization pro-

-¢ess for Killing foodborne pathogersis-on food surfaces.

In the patent filed by Morgan (1994), the author
examinad many physical and chemical surface pasteuri-

‘zation technologies and discovered that the available

technologies could not effectively kill bacteria hiding in
the pores, irrogularities and other imperfections on the
surface -of meat. To treat the bacteria hiding in these

-areas, Morgan (1994) developed the VSV process. It
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involved four successive steps of vacuum and steam to
achieve bacterial destruction on the surfaces of meat en-
closed in an airtight treatment chamber. In the first step,

vacuum was applied to evacuate air from the treatment

chamber. The air and moisture surrounding the meat
sample was further removed by flushing the chamber
with a stream of low temperature steam. Evacuating
the air and moisture surrounding the meat sample,
according to Morgan, Radewonuk, and Scullen

(1996a, 1996b), enabled” high temperature saturated
steam to stream into the pores, irregularities and other

imperfections on the surface. Therefore in the third step
the process continued with flushing high temperature
saturated steam into the treatment chamber. The ther-
mal energy released from the ultra-high temperature
steam would almost instantaneously kill the bacteria.
In the final step vacuum was applied again to remove
the steam from the treatment ¢hamber. The vacuum also
caused evaporation of the steam condensate back to the
treatment chamber, thus reducing the surface tempera-
ture of the meat sample. All four steps formed a treat-
ment eycle. The process could be repeated with
multiple treatment eycles to achieve a desirable bacterial
kil

In the studies reported “by Morgan et al (1996a, -

1996) using a prototype VSV device, the anthors inog-

ulated the surfaces of small fresh chicken, beef, and pork

samples (~5 g) with Listeria innocua (107) and then sub-
jected them to various steam temperatures (121-157 °C)
and gxposure times {(26-103 ms). The bacterial kills con-

sistently rangad {rom 1.9 to 4.0 logs. The highest bacte-

rial kills were observed in chicken meats with 138 °C for
26 ms and 121 °C for 48 ms. Increasing the steam tem-
perature or the treatment time did not seem to improve
the bacterial kill. For example, 2.7-2.8-log reductions
were achieved in chicken at both 149 and 157 °C for
26 ms.

A scaled-up VSV apparatus, capable of treating
whole chickens, was later developed (Goldberg et al,
2001). Kozempel, Goldberg, Radewonuk, and Scullen
(2000a) used the apparatus to treat Cornish hen, Cor-
nish hen cut in half, fryers cut in half, and chicken drum-
sticks with an ohjective to see if the VSV process was
affective in killing naturally occurring microorganisms.
A range of steam temperatures (116-157 °C) was used.
The steam treatment time was up to 0,1 s. Experimental
results showed the VSV process could only achieve 0.5
1.0 log reduction for the naturally occurring £ coff, col-
iforms, and APC. Kozempel, Goldberg, Radewonuk,
- and Scullen (2001a} conducted another study to freat
whole chickens using the VSV apparatus modified with
a mandrel inside the treatment chamber to inject steam
directly into the visceral cavity of chicken carcasses.
Whole chickens inoculated with L. fmnocua at the level
of 4.5 log {CFUlml} were treated in the modified VBY
apparatus under an optimum condition (0.1 s initial vace

vum, ¢,1s steam at 138 °C, and 0.5 s final vacuum).
Experimental resuits showed that bacterial kill was
0.7-0.8 log (CFU/ml). With deboned chicken breast
meats, the bacterial kill was 1-1.3 log (CFU/ral). Similar
results were observed in the treatment of catfish using
cycles of vacuum and steam {(Kozempel, Marshall,
Radewonuk, Scullen, & Bal'a, 2001b). Depending on
the number of treatment cycles {13} and steam iemper-
ature {138 or 143 “C), the observed bacterial kills ranged
frem 0.7 to 2.1 logs. Sommers; Kozempel, Fan, and
Radewonuk (2002} mnvestigated the combined effect of
VSV and ionizing irradiation on inactivation of L. inno-
eua inoculated on ham. They discoversd that two cvcles
of VSV treatment {(138°C for 0.1s for cach cycle)
achieved 1.69log reductions on ham meat and 2.35-
log reductions on ham skin.

The VSV process was more successful for hot dogs

~and some fruits and vegetables. Kozempel, Gildberg,

Radewonuk, Scullen, and Carig {2000b) reported that
treating hot dogs surface-inoculated with L. innocug
{~10% using 138 °C saturated steam (0.3 5 in each cycle)
for 2-4 cycles could achieve more than 4 logs of bacte-
rial destruction. However, 0.65-2 logs of L. innocua still
survived. In weating selected fruits and vegetables,
similar .- amount -of - -bacterial . survival- was also
observed {Kozempel, Radewonuk, Scullen, & Goldberg,
2002). SN .

It is fairly difficult to explain the fact that bacteria
could survive the severe heating conditions at tempera-
tures above 116 °C and that increasing the steam tem-
perature or the steam treatment time did not lead to
improved bacterial kill. One possibility is that the sur-
face temperature of the foods treated in the VSV cham-
ber might have never been raised to a condition. that
sould kill the bacteria completely. Since none of the pre-
viously conducted studies measured the surface temper-
ature of the foods, one could not preclude this
possibility. It was therefore the main objective of this
study to develop an instrumentasion system that could
dynamically measure the surface temperature of foods
during Y8V processes.

2. Materials and methods
2.1. Samples .

Frozen hot dogs (beel} were purchased from a iocal

- manufacturer. Each hot dog was 2.2cm in diameter

and 13.2 gm in length. The hot dogs were manufactured
in - the same batch without adding any antimicrobial
agents, and were packaged in ong-pound {0.454 kg) vac-
uyum packages, Upon receiving, hot dogs were kept fro-
zen {(~=20°C) in a freezer until ready for use in
experiments. Frozen hot dogs were thawed overnight
in a refrigerator (~4 °C) prior lo experiments,
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2.2 Ultria-fine thermocouples fgr’ fwface temperature
measHrenient

The VSV processes were operated at very high speeds.
- The steam exposure {ime was in the scale of a few milli-
seconds it 4 oycle after high temperature steam was in-
jected. to the treatment chamber. Most temperature
gensors on the market could not respond fast enough
for the V8Y process. To measure the surface tempera-
tare of foods, ultra-fine {32 AWG) thermocouple wires
{Type-T) were custom-ordered from California Fine
Wire ' Co. (Grover Beach, CA). Each strand of the ther-
mocouple wires was 0.00078 in {or 1.98x 107% em) in
diameter, and was superficially coated with a thin layer
of - heavy  polyurethane/ylon for elsciric insulation.
Each pait of thermocouples was welded in a thermocou-
ple welder (Model 116SRL, B.J. Wolfe Enterprises, Inc.,
Agoura Hills, CA), which was capable of welding metal
wires with'sizes ranging from 5510 200AGW. Each pair
of thermocouples was tested for electrical conductivity
and total resistance before being used io measure sur-
face temperatures during VY processes:

2.3. Pressure sensor

To measure the pressure response in the treatment

' chamber during & VSV process, a pressure sensor {Mod-
el AF-A1-G-V2-NI, D) Instruments, Billerica, MA)was
used. This pressure sensor. was capable of measuring
pressures ranging from vacuwum to 5.0 bar (gauge)
The response time of the pressure sensor was less than
I ms according to-the manufacturer. The pressure sensor
was factorv-calibrated and ready for use when delivered.

2.4 Instrurhentation

" To measure temperature, a 12-hit high-speed thermo-
couple data acquisition board (ADAC 5508TC, Ameri-
can Data Acquisition Corp., Woburn, MA) was used.
This board-had § A/D channels and could be directly in-

serted into an ISA bus of 4 personal computer. The total

hardware conversion time was -85 us, with a maximum
acquisition rate‘of 8 kHz.

To measure the signal from the pressure sensor,-an-
other high-speed A/D converter (PCI-DASI200, Mea-
surement Computing Corp., Middleboro, MA) was
used. This was a 12-bit, &-channet PCI board, with a
minimum data throughput of 300 kHz.

2.5. Response time of thermocouples

Two thermocouples (50-60 cm) were prepared tfo
“measure the time constant of the temperature sensors,
Each tip. of thermocouple wires, equilibrated -{o room
temperatures, was instantancously submerged into a cir-

culating water bath (PloyStat EW-12105-20, Cole-Par-

vmy <l

mer, Vernon Hills, Illincis) maintained at a constant
temperature (37 °C), which was approximately 12°C
above Toom temperatures.

One thermocouple was tested at a time. Raw voltage
signals from the thermocouple were fed to the ADAC
5508TC board and were recorded by Lab View 6.0 (Na-
tional Instruments Cosp., Austin, TX) at a sampling
rate ‘of 8kHz Data acquisition was initiated before

-the sensor was dropped into the water bath. A total of

40,000 data in each test, equivalent to 5s of measure-
ment time, were collected. Three replicates of measure-
ment were conducted to.obtain the average response
time of each sensor.

The response time or time constant {1} of a thermo-
couple ts usually defined as the time required to reach
63.2% of a step change in temperature under a specified

- set of conditions (Bebedict, 1977). Mathematically, the

response time of 2 thermocouple can be defined by

LT _ i S m

T T,

In Bq. (1), T is the real-time temperature, Ty is the initial
{or ambient) temperature, Ty is the water bath tempera-
ture (°C), 1 is the time, and t is the sensor response time.
Since the raw voltage data signals from a thermocouple

~were. continuously. collected; Eq. (1) can be modified to:

iy {2
V= T (a)e-vg){:*’h P o :

In Eg. (2), vy 15 the voftage signal corresponding to the

- ambient temperature, v, is the voltage. signal corre-
- sponding to- the water bath temperature, #; is the time
when the thermocouple was subject to a step change in

temperature. Since Eq. (2) was not linear, a nonlinear
regression procedure in a statistical package—NCS5
2000 (Hintze, 1999) was used to obtain 1 for each sensor.

2.6, Calibration of thermocouples

Since the thermocouple wires were custom-ordered
and might not be made from standard materials, their
aceuracy for temperature measurement must be deter-
mined. Four thermocouples were prepared for tempera-
ture  calibration. During calibration, all  four
thermocouples were simultaneously placed in a circulat-
ing water bath (Model PloyStat EW-12105-20, Cole-
Parmer Co., Vernon Hills, Tllinois) maintained at 10,
20, 30, 40, 56, 60, 70, 80, 98, 110, 120, 130, and
143 °C.oAt temperatures below 100 °C, water was used
as a heating medium. At temperatures above 100 °C, sil-
icone oil (viscosity = 350 cst) was used as a heating med-
jum. At each temperature set point, the water/oil bath
temperature was calibrated against a NIST-traceable
mercury thermometer. After equilibrium, the tempera-
ture signals from cach sensor were recorded at a 5s

R7480-03



L. Huong

interval for 120 5. The average of all 25 data points from
each sensor was used to represent the temperature read-
ing measured by the thermocouple, :

2.7 VSV apparatus

The pilot-scale VSV. apparatus used by Kozempel et
al: (2000b} was used with a modified chamber. The ori-
ginal chamber was disconnected from the apparatus, A
new VIV chamber, specially designed for treating hot
dog samples, was fabricated and installed- (Fig, 1). The
new chamber was made from a stainless pipe, which
was 4.13 cm in internal diameter, 4.45cm in external
diameter, and 3048 om inlength. One end of the cham:
ber was connected to a 3-way valve. The other end of the
chamber was used for sample loading. Only ong hot dog
could be loaded into the VSV chamber at each time. A
staindess steel probe; modified from a standard thermo-
couple probe, was used to hold a sample in the VSV
chamber, The probe was 0.3175cm in diameter and
18 em i length, with one end fixed to the cap of the
VSV ¢hamber. Depending on' the position of the 3-way
valve, the chamber could- be either open to steam, vac-
uum, or atmosphere. The 3-way valve was driven by a
servo motor with its position precisely ‘monitored by
an optical disk encoder, The pressure sensor was con-
nected to a port in the middle of the V8V chamber,
To prevent any loss of the steam energy, the VSV cham-
ber was wrapped around with electric heating elements.
A laver {(~3.8 cm) of insulation foam was used to cover
over the electric elements, The temperature of the heat-
ing elements was set to the temperature of the steam
tank. Except for loading and unloading samples, the
¥SY-dpparatus was-operated by a computer-based con-
trol-system,

2.8 VSV aperafion'

A thawed hot dog sample was mounted to the sample
holder. The probe of the sample holder was inserted
along the centerline and was approximately 3/4 into
the hot dog sample. After the sample port was manually
closed, the 3-way valve was programmed to complete a

Satofated steam tank

Pressure sensor

" Thermosouple

r—

Bervo

Jeway vafve

L T WSV chamber

Vacuum tonk.

Fig. I. Sehigmatic diagram of modified VSV apparatus for treatin 2 hot
dog samples:

sequence of operations. It was first switched to the vac.
uum position {0 evacuate air from the VSV chamber,
then to the steam position to flush steam info the cham-
ber, and then back to the vacuum position to'remove the
steam, and finally back to the original position. After
the operation, the hot-dog sample was unloaded from
the VSV chamber. The residence time at such position
was independently controlied and adjusted. Three sicam
temperatures, 110, 123.9; and 137.8 °C, were used to
treat the surface of hot dogs. The operating time for
each operation in a cycle, including mitial vacuum,
steam, and final vacuum, varied from Q.1 to 2.0, For
all experiments, the initial vacuum time was always set
10 be egual to the final vacuum time. At each steam tem-
perature, hot dogs were freated in the VSV chamber
using a combination of vacuwm time and steam time
{varying from 0.1 to 2 5). At least three independent sur-
face temperature-time: curves were measured and re-
corded :for each combination of steam and vacuum

- time under a constant steam temperature,

2.9, Measurement of sample surface temperature and
chamber pressure

To monitor and measure the surface temperature of a
hot deg sample during VSV treatment, a thermocouple
was carefully .attached to the hot dog surface afler it
was ounted o the sanple helder. Attachment of the
thermocouple was accomplished by first applying a tiny

- drop (=1 mm in diameter) of super glue (cyanoacrylate)

on the surface of the hot-dog sample, followed by lightly
pressing the: thermocouple tip against the super glue.
The super-glue was then carefully spread around the
tip area of the thermocouple until it dried out. After
that, the hot dog sample with the thermocouple was
loaded into the VSV chamber. After the steam treat-
ment, the thermocouple was separated from the hot
dog by soaking in aceione for. 15-30 min to dissolve

-the super glue.

The thermocouple attached to ﬁm sample aurface was
connected to the ADAC 5008TC data acquisition

* board. The voltage signal from the pressure sensor was

wired to the PCI-DASI200 A/D board. A data acquisi-
tion software LabTech Notebook (Version 10, Andover,

- MA} was used to simultaneously collect the temperature

and pressure signals at a sampling rate of 200 He.

3. Results and discussion
3.1. Thermocouple response time
Fig. 2 shows the response ol ultra-fine thermécoup!es

to-a step change in temperature. The average response
time of the thermocouples, obtained from nonlinear

~regression: of the experimental data according to Eg.
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Fig: 27 Response of ultea-fine thermocouples to a step change in
temperature. The smooth curves are the corresponding regression
curves according to Eq. (2).

(2}, was 0.673 ms with a standard deviation of 0.11 ms.
The response time, according to the definition, is the
time needed for a sensor to reach &3.2% of a
step change. Longer time is needed for the sensor to de-
velop to the full signal level after a step change. The
sampiing time is usually five times of the response time,
or 31, of a sensor. Therefore the sampling time in this
study was set as 5 ms, which was sufficient for the full
signal levels to develop after a step change in tempera-
tures. This sampling time was also adequate for the pres-
SUIE SEUsOT.

3.2 Surface-temperature history

~ To prevent the loss of thermal energy through the
~wall of the stainless steel chambar a band of electric
heating elements was instalied around the chamber.
The function of the electric heating elements was to raise
the temperature of the wall of the chamber to the tem-
perature of the saturated steam. As the steam flushed
into the chamber, no heat exchange occurred between
the wall and the steam. An equilibrium in temperature
was ¢stablished immediately between the walls and the
saturated sieam. As a-result, the thermal energy from
the saturated steam would begin to transfer immediately
to the food surface. Installation of the electric heating
elements prevented the energy loss through the chamber
wall. However, it presented a téchnical challenge for
loading samples, since they were manually loaded to
the chamber. Usually it took about 5-10 min to care-
fully load a sample. Since the: chamber wall was hot,
therinal radiation from the wall would cause the surface
temperature of the sample to rise. Slight steam leakage
info-the chamber may have also countributed to the in-
crease in the surface temperature. Therefore the initial
surface temperature of the sample was higher. than
refrigerated temperatures usually found in the food
industry. However, application of the initial vacuum

Ty

would cause moisture in the sample to evaporate and
thas lead to a drop in the surface temperature.

Figs. 3-5 are typical surface time-temperature curves
of samples for three steam temperatures with various
combinations of vacuum and steam treatment fimes.
As a VSV process progressed, the pressure sensor re-
sponded immediately to pressure changss in the cham-
ber and accurately registered the events of initial
vacuum, steam, and final vacuum. The absolute pressure
during each phase of treatment (initial, steam, and final
vacuum) matched closely with the saturated steam/va-
por pressures in the chamber. Clearly demonstrated in
the figures, the sample surface temperature did not rise
instantaneously to the temperature of the saturated
steam ¢ven with an elevated initial surface temperature.
Instead, the surface temperature of the sample began to
rise exponentially after the steam was introduced. As
time progressed, it gradually approached a plateau after

| Gteam femperature = W}"G

Initisl vacuum = 0.1 5, steam = 0.35 5, Bnal vacuuwmi= 0.3 s

- 250

- 150

T
P (hPay

100

50

0 01 02 a2 0.4 0.5
. T

Initial vaeuum = 1.1 9, $taam & 0.5 ¢, Snal vacuum = 01 8

T{C)

G- 102 03 04 DS DB QY 080§ 1
£{s)

e initial yvacuum = 2 5. Sleam = 0.75 5, final vacuum= 3 s

£ {s})

Fig. 3. Re;ireséniative surface wmperature curves of sabafsics treated
with a steam temperature of HO*C (230 °F). The right axis represents
the absotute pressure of the chamber,
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Fig. 4. Representative surface tempemture‘cﬁrvés of samples iréated

with a steam temperature of 123.9°C (255°F). The right axis
represents the absolute pressure of the chamber,

an equilibrium was established between the sample sur-
face and the saturated steam. Therefore, regardiess the
initial surface temperature when the steam {reatment
started, the surface temperature never reached the steam
temperature instantaneously. About 0.2-0.3 5 after the
steam treatment started, the surface temperature began
to approach a point close to the steam temperature,
After the steam treatment was ended, the surface tem-
perature began to decrease as result of the evaporative
cooling when the final vacwum was applied. But the rate
of ¢ooling on the sampile surface during the final vacuum
operation seemed slower than that of heating immedi-
ately after the steam flushed into the chamber. This
observation is expected, since it is relatively difficalt to
evaporate moisture from a solid food.

That the sample surface temperature never rose
instantaneously to the steam temperature is explainable.
When the saturated steam was introduced to the treat-
ment chamber, an exchange of thermal energy between

Steam lemperature = 138.8°C
180 " 400
lmuai VW 5 0.59, sleam = 1.0 %, and final vacuum =053

140 ¢ . - AG0
120 300
- 250 o

o
1 - 200
L e L 50 &
T3 NEUUPIPRS SN SN U  S S A '
DO e s e 2]

T
2

a0
360
L 300
L 250
i
200 B
Ao
+ 150 b
- 100
L 50

e 0.25 08 0.75 3 128 15
tis) \

1680 : —y
: mmai ¥atulm = 0,25 & stewm = 0.25 5, and final vacium = 025 s 350
- 300

250 =

200 &
- 150 ™
10
50
8 ¢ ¥ t v - U

0 0.125 0.25 0375 08 0.625 0.7s

tis)

Fig. 5. Rapfeﬁﬁnrative sutface temperature ourves of 'samr;les treated
with & steam temperature ‘of 137:8°C {(280°F). The ugjzt axis
represents the absolute pressure of the chamber, -

the sample surface and the samrated steam - occurred
immediately. When the steam was in contact with the
sample surface, which was at a lower temperaturs, heat
was transferred from the steam to the sample surface.
The exchange of thermal energy between the sample sur-
face and the saturated steam would cause the steam to
condense, releasing the vast latent heat: stored in the
steam. The condenmsation of steam also-formed a thin
layer of condensate on the sample surface. Within the
food sampie, heat conduction occurred, The thermal en-
ergy was conducted to an interlor layer immediately
next to the top surface of the sample. This was a tran-
signt. process of heat transfer until a steady state was
established, In most applications of heat transfer involv-

. ing.steam condensation, the transient heat transfer phe-

nomenon on the surface can. be ignored, since.ihe
heating time is usually substantially longer. Since the
steam . time in a. cyole of VBV is extremely short
{0.026-0.4 8), the transient heat transfer phenomencn
on the surface becomes significant. The sample surface
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temperature cannot be assumed to-reach the sieam tem-
peratures instantaneously, That the surface temperature
of samples observed i this study never reached the
steam temperature during the initial stage of steam pro-
©ess may have an irnplication to the real VSV processes.
Because of the radiative heating effect from the chamber
wall, the steam ireatment started at a higher initial vor-
face teraperature, but it did not immediately rise to the
steam temperature. Most foods treated in a real VSV
process would usnally start at 8 much lower mitial tem-
perature (<10 °C). Although the process used in this
study was different from the real VSV process, it is nat-
ural to assume that a similarity exists between the two
processes. The surface temperature of foods treated in
real VSV processes reported in Kozempel et al
{2000b) may not have reached the steam temperature be-
causc of the short application times of steam {<0.4 s).

3.3, Mathematical modeling of surface temperature

To develop a mathematical model describing the pro-
cess of VSV, it was assumed that the sample surface tem-
perature was uniform when the steam treatment started,
and the heat transfer occurred on the surface instanta-
neously after the steam flushed into the chamber, Heat
was conducted from the surface into the interior of the
sample. Because of the short steam time in each cycle,
one could assume that heat conduction eccurred within
an extremely thin layer below the surface. Then the dy-
namic heat transfer within the thin shell can be ex-
pressed as

AT, —T) = mCdT;v

& G)
In Eq. (3}, £ is the convective heat transfer coefficient of
a thin film of condensate surrounding the sample surface
(‘\fw’m2 “C), A ds the sample-surface area, 7, is the steam
temperature (°C), Ty, is the average temperature of the
thin shell of the sample, w1 is the mass of the thin shell
{kg}, C is the specific heat capacity (J/kg °C), and { is
the heating time. Since the steam time in Y8V is very
small and also the heat conduction occurs in a very thin
shell, the average temperature, 7,,, of the thin shell, can
be used to approximate the surface temperature, 7.

Replacing T,, with T and separating the variables in
Ea. (3) yields

dr hAd
e e Pd’
T e di S L

Eq. [4) is an initial value problems with an initial condi-
tion:at ¢ = 0, 7= T, L.e., the sample surface {emiperature
at the point when the steam is flushed into the chamber,
Letting k = hd/me, this equation can be easily solved,
and the analytical selution is

T=T— (T, - T

s
Ly
e

The coeffivient k (s77) in Eq. {5).i a rate-liniting fac-
tor for the heat transfer between the steam and the
hot dog surface. It is a function of the thermal prop-
erty of solid foods (hot dogs) and the condensate film
on top of the sample surface. As long as there is a
temperatare difference between the sample and the
steam, a thin film of condensate always exists. One
way to reduce the thickness of the condensate film
is to maintain a constant flow of steam across of
the sample surface to sweep way the condensate.
Intermittent cooling should be avoided since cooling
induces the formation of the condensate fim on
colder surfaces. If one could assume that the variation
of the specific heat of hot dogs is relatively small,
theri-based on' the definition of Eq. (4), & should be
independent of the initial surface temperature of the
food treated in a VSV process, and the temperature
of the steam, Since the VBV chamber is a closed sys-
tem1, and the saturaied steam is a gas, the chamber
geometry may not affect the condensate formation
on the food sarface; it may not affect & cither, There-
fore, this value potentially may be used in different
V&Y sysiems.

Eq. (5) can be used to analyze the temperature history
ou the sample surface during the steam treatment, In
this study, nonlinear repression was used to correlate
the experimental data with the mathematical model
(Eq. {3)) and to determine the rate-limiting coefficient
k. Fig. 6 shows three represeniative curves of the surface
temperature history analyzed using Eq. (5). Because of &
condensate film between the sample surface-and the
saturated steam, there would exist a temperature differ-
ence bhetween the sample surface and the saturated
steamn. On average, the sample surface temperature
was 2.95°C below the steam temperature aflter an
equilibrium was established between the steam and the
sample surface. : ‘

Nonlinear regression was. used to-obiain the coeffi-
sient & in Eq. (3) from the experiments with steam time
>0.5 5. There was a total of 35 curves with steam time
>0.5 5. The average value for the cocfficient &k .deter-
mined from all these 33 experimental curves was
30.5 57" with a standard error of 1.557/,

Since the coefficient X is theoretically a function of the

‘physical properties of foods and the condensate flm

heat transfer coefficient. betwesn the food surface and
the steam, Eq. (5) can be. used to estimate the surface

- temperature history with- different combinations of 7

and T;. Fig. 7 shows the estimated surface temperature
curves with different initial surface temperatures {0, 20,
40, and 60 °C) and under different steam tempsratures
(110, 1239, and 137.8 °C). Although there is a wide
range- of initial surface temperatures, an equilibrium
can be established between the steam and the surface
around 0.2:s after the steam is flushed into the treatment

chamber,
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Fig. 6. Mathematical modehﬂg of surface temperature of hot dogs
dimﬁg V8Y treatment (Eqo(5).

kS 4 Es!rmarmn of lethafziy and expiamtmn to &acrerm’!
survival during VSV

The destruction of microorganisms in-foods. under
isothermal -conditions generally follows- the first-order
kinetics, and the. total lethality of a thermal process
can be caleulated using the general method (Bq. (6))
According to Murphy, Duncan, Johnson, David, and

Smith (2002), the z value of L. fnnocus in beef patties

was: 867 °C. Using 70°C as a reference femperature,
.the Dy se-value of L. fmmocua was 13.58 s in beef patties,
Since the Fvalue calculated from Eq. (6) is equivalent to
the total heating time under the reference temperature,
the total log reduction can be caleulated by dividing #

with Dy Fig. 8 illustrates the estimated total lethality

of L. innocua in beel patties as a function of the steam
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Fig. 7. Estimated surface tﬁmperamﬁas at . different ‘intial swrface

" temperatares {0, 20,40, dnd 60°C) and under daﬁ’ereni steam
“tempefatures {HG 123.9 and 1378 °ChL
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Fig. 8. Estimated total lethality as 2 fum:non 0f" steam time at three
“steam temperatures. fuitial surface emperature = §°G:
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time at three steam temperaures. The initial sample sur-
face temperature for these curves was 0°C.

i e X
F= f 107 4 | (6)
D . .

According to the lethality calenlation, bacterial kills of
7.9, 245, or 7635 logs of L. innocud in beef patties could
be achieved after the first 0.1 s of steam treatment under
the steam temperature of 110, 123.9, or 137.8 °C, respec-
tively. After 0.3 s of steam treatment under 110, 123.9,
or 137.8°C, 308, 1.2 x 10%, and 4.7 x 10° log-reductions
could beé achievad. If the D and 2 values of L. imnocua in
beefl hot dogs was similar 10 those in beel patties, and if
the surface of hot dogs were perfectly smooth, and if the
all the bacteria were located on the surface only, then a
S-log reduction in bacterial count could have been
achicved after 0.1 s of steam treatment at steam temper-
atures above 110 °C. _

In almost all the published results concerning VSV,
however, bacterial kills consistently ranged between 2
and 4 logs. One hypothesis to explain the survival of
bacteria 1s that some of the bacteria may be distributed
underneath of the sample surface and may not have
been. directly touched by the steam. Since the thermal
conductivity of meat and poultry is nsually very small,
ranging from 0.3 to 0.6 Wim °C, heat conduction is a
very stow process for solid foods, Since the steam treat-
ment time n a V8V cycle s 'very short (0.026-0.4s),
there is not sufficient time to allow heat to penetrate dee-
per into the interior where bacteria may hide and to
raise the temperature of these areas high enough to kill
bacteria. Therefore, even though many cvcles of VSV
ireatment have been used, bacteria hiding in these areas
may have survived the heating,

3.5, Hypothesis of bacterial survival during VSV

Ome of the most common observations during VSV
was that the foods emerging from the VSV chamber
were always wet as if a layer of water was coated on
the surface. The first natural explanation was condensa-
tion of steam to the sample surface after the final vac-
vum was applied. The decrease in the chamber
pressure caused its temperature to drop. A layer of
steam close to the sample surface may condense and
form a film of water on the sample surface. This layer
of condensate may become an insulation blanket (Fig.
9) between the surface of hot dogs and the incoming
steam, impeding beat transfer in multiple, but brief cy-
cles of vacuum and steam ireatment,

On the other hand, hot dog surfaces are not smooth,
There presents many pores on and below the surfaces,
These pores are very small in size or even invisible to
the naked eyes, but large enough to harbor bacieria.
As long as there is any possibility that these pores may
be filled with water (Fig. 9), steam cannot flow frecly

Bacleria
Condansate

‘Bores filled with water

Hot dog

Fig. 9. Bacteria may hide in the pores filled with water,

- into-these areas. The presence-of water in the pores pre-
vents the:sieam from directly hitting the bacteria hiding

in the pores.and thus may provide protection to the bac-
teria by insulating them from the steam in the chamber.
Then heat oasst be transferred into these pores by con-
duction. There is no convection between the pores and
the saturated steam in the V8V treatment chamber,
Although the heat from the steam can be quickly con-
vecied to the hot dog surface, the conduction of heat
from the surface to the interior of the hot dog is 2 much
slower process. Heat conduction becomes the rate-Hmit-
ing factor during VSV, As a result, 2 much longer steam
time is needed. ; -

The above hypothesis can be uséd 1o explain the
experimental ¢bservations reported by Morgan et al
{1996b). In this study, multiple short VSV cycles (10,
20, 18, and 40} were used. Small chicken samples were
ireated with saturated steam at 126, 129, 130, 138, and
139°C. The steam duration was 52, 103, and 124 ms.
The most severe condition was 139 °C, 103 ms per cycle
for 40 cycles. Only 3.0-log reduction was observed, and
3.6 logs of L. innocuag survived after the VSV treatment.

The above hypothesis also can be used 10 explain why
vacuum cannot improve the bacterial kill during VSV,
Because the pores near the surface of unireated samples
may be filled with water, vacuum is not effective 1o re-
move the water from the pores. Furthermore, it could
induce the formation of a condensate layer on the hot
surface, increasing the resistance of heat transfer.

4, Conclusions

The objective of the surface pasteurization of ready-
fo-eat meat/poultry products 1s to render these foods
free of L. monocytogenes in the final packages. Therefore
the steam surface pasteurization process musi be de-

R7480-09



L. Huong

signed to eliminate L. meonocytogenes potentially hiding
in the pores underneath the surface of ready-to-gat
products. Depending on the nature of products, the size,
depth; nuinber, and distribution of pores may differ. To
render yeady-to-eat meals {ree from L. monocytogenes,
steam surface pasteumatmn must be designed to kili
the bacteria hﬁdmg in the smallest and deepest pores.
To achieve this goal, this study suggests using a single
long steam treatment instead of multiple brief steam cy-
cles. A final vacuurm may be used to remove the residual
heat on food surfaces to prevent thérmal damage, As to
how long a steam treatinent time is needed, it is also
heavily dependent upon the pature of products. It can
only be determined by testing the products surface-inoc-
ulated with the target organism or its surrogates.
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